The ''centroid" explanation of the Müller-Lyer and similar illusions of extent supposes the perceptual positional shifts of the stimulus terminators in direction of the centers-of-masses of adjacent contextual flanks. In the present study, the validity of the assumption was tested in psychophysical examination of illusory figures comprising the Müller-Lyer wings or arcs of a circle as the contextual objects. In experiments, the illusion magnitude changes evoked by the tilting of stimulus flanks have been measured. A good resemblance between the experimental data and theoretical predictions was obtained that strongly supports the idea of local positional shifts and serves in favor of ''centroid" explanation of illusions investigated.
Introduction
The results of a considerable number of studies of the Müller-Lyer and related illusions of extent lead to a suggestion that the perceived distortions of length may be caused by the local positional shifts of the stimuli terminators (e.g., the vertices of the wings in the Müller-Lyer figures) rather than by a homogeneous expansion or contraction of the figures shafts as predicted by the ''perspective" theories (Gregory, 1968; Barrow & Tenenbaum, 1981; Nichols & Kennedy, 1993; Redding, Kramen, & Hankins, 1997; Gillam, 1998; Redding & Parkinson, 2002; Nanay, 2009) which are based on the 3-D interpretation of the flat drawings. It has been shown in experiments with the distance markers placed at various positions along the shaft that the inequalities of perceived length occurred only for the segments adjacent to the wings-shaft intersections (Morgan, Hole, & Glennerster, 1990) . More recently, the suggestion on the terminators biases was confirmed in experiments with the Müller-Lyer and Judd figures divided by subjects into eight equal-appearing segments (Post, Welch, & Caufield, 1998) . Significant positional shifts in the shaft end-point were obtained for the Müller-Lyer figure with the wings positioned on only one side of the shaft (Welch, Post, Lum, & Prinzmetal, 2004) . The results of experiments with attaching of shading to the Müller-Lyer and Judd figures were found fully consistent with the explanations of the illusion in terms of misperceived locations of the shaft-endings due to the obliquely intersecting fin lines (Zanker & Abdullah, 2004) .
The perceptual positional shifts may occur due to various cues in objects' luminance profiles (e.g., the peaks, or points of inflexion, or zero crossings) which can be used by the visual system in determining the relative positions of the objects (McGraw, Whitaker, Badcock, & Skillen, 2003; Morgan, 2010) . Previous psychophysical studies have suggested most likely candidates for the ''location tags" -the weighted means (centers-of-masses or centroids) of the stimuli envelopes (Ward, Casco, & Watt, 1985; Morgan & Aiba, 1985; Whitaker & Walker, 1988; Morgan & Glennerster, 1991; Hirsch & Mjolsness, 1992; Bocheva & Mitrani, 1993; Badcock, Hess, & Dobbins, 1996; Whitaker, McGraw, Pacey, & Barrett, 1996; Whitaker & McGraw, 1998; Seizova-Cajic & Gillam, 2006) . The studies have assumed that the judgments of distance between visually distinguishable elements, which belong to separate clusters of elements, are strongly biased by the processes of neural computation of the centroids of the luminance distributions within the clusters.
Applying the concept of centroid biases to the Müller-Lyer and similar illusions of extent, Morgan et al. (1990) argued that the visual system fails to isolate the figure terminators (shaft end-points, or wings apexes) from the neighboring contextual flanks (wings themselves), therefore, the judgments of the distances between the figure's terminators are biased toward the distances between the centroids of the adjacent flanks. The similar approach in explanation was successfully applied to the experimental results with the Poggendorff (Morgan, 1999) , the Ponzo (Searleman, Porac, & Sherman, 2004) , and the horizontal-vertical illusion (Searleman, Porac, & Brzuszkiewicz, 2003) . The results of experiments with extraneous dots placed near the wings-shaft intersections (Searleman, Porac, Dafoe, & Hetzel, 2005) have strongly supported the suggestion on centroid extraction mechanism and demonstrated that the Müller-Lyer illusion' magnitude could be altered significantly when the non-target dots were positioned within a 2-3°visual angle radius around the figure shaft endpoints (for figure size about 9°). Recently, the influence of stimulus manipulations of the center-of-mass on the magnitude of the illusion was confirmed in experiments with the modified Brentano figures representing various combinations of spots and line segments (Bulatov, Bertulis, Bulatova, & Loginovich, 2009b; Bulatov, Bertulis, Gutauskas, Mickiene, & Kadziene, 2010) . In addition, the dependence of parameters of saccadic scans on the center-of-mass alterations has been demonstrated in experiments with eye movements recording over the Müller-Lyer figures (DeLucia, Longmire, & Kennish, 1994; Binsted & Elliot, 1999; Glister & Kuhtz-Buschbeck, 2010) .
The crucial point of the ''centroid" explanation is that it implies the shifts of the stimulus terminators in direction of centersof-masses of the flanks (Fig. 1, upper) , therefore, the illusion magnitude (defined as the difference in physical length of stimulus intervals after their perceptual adjustment) can be estimated by the formula:
where s L , s C , and s R are the perceptual positional shifts of the left, central, and right stimulus terminators (vertices of the wings), respectively; T is the stimulus length, i.e., the distance between the left and right terminators. Formula (1) provides an assessment of illusion magnitude for the perceptual positional shifts caused by the flanks which centers-of-masses are collinear with the stimulus terminators (i.e., they lay on the stimulus axis along which the distances are judged). Also, Formula (1) suggests, a few straightforward predictions for the illusory figures with tilted flanks in which centersof-masses do not coincide with the stimulus axis. In such figures, the illusion magnitude should be proportional to the projection of terminator's actual positional shift onto the axis, i.e., the magnitude should be modulated by the cosine function of tilt angle of flank's bisector (Fig. 1, lower) . Consequently, the rotation of three stimulus flanks around the corresponding terminators should evoke changes of the illusion magnitude by the cosine law:
where s represents an averaged positional shift in the ideal case of s L % s C % s R .
In turn, the rotation of only one contextual flank should provide somewhat different strength of modulation of the illusion magnitude. For the central flank tilting, the illusion magnitude variations can be described as:
And for one of the lateral flanks (e.g., left), it should be:
Thus, according to Formulas (2)-(4), the maximum value of the illusion magnitude should be the same in all three cases, however, the depth of the cosine modulation -the ratio of cosine amplitude to the sum of the amplitude and the constant component -should decrease from
to about
ðtilting of only the central flankÞ;
ðtilting of only the left flankÞ ð 7Þ Also, the ''centroid" explanation predicts that the cosine pattern of the illusion's magnitude modulation should be the same for rotation of the flanks of any shape (i.e., it should not depend on the particular law by which stimulus terminators are perceptually biased), and can differ only in the modulation amplitude.
To verify the predictions, we have performed a psychophysical study of the illusory effects induced by two different types of contextual flanks (distracters): the Müller-Lyer wings and arcs of a circle (Fig. 2) . In the first case, the stimuli represented ordinary Brentano patterns (having no shaft line) with the terminators (apexes of the wings) which were physically inseparable from the distracters, i.e., from the lines forming the wings themselves. In the second case, on the contrary, the stimuli terminators were the separate spots located in the centers of the arcs (distracters). For both types of distracters, we used the same experimental procedures with identical sets of the independent variable, the tilt angle (/) of flank's bisector relatively to stimulus axis. The aim of the present study was to test the validity of the assumption underlying the ''centroid" explanation of illusions of extent -the perceptual positional shift of stimulus terminators in direction of centroids of adjacent contextual flanks. Therefore, the detailed comparison of different approaches in illusion explanations was left beyond of scope of the present communication.
Methods

Subjects
University teachers and students: LM, AB, RB, and BE were tested in the experiments (mean age 35 years, SD = 4.3). All observers were normally sighted or were wearing their usual optical corrections. Subjects RB and BE were naïve with respect to the goal of the study. All subjects gave their informed consent before taking part in the experiments which were performed in accordance with the ethical standards of the 1964 Helsinki Declaration.
Stimuli
The horizontal stimuli were presented monocularly in the center of a round-shaped background of 4°in diameter and 0.4 cd/m 2 in luminance. In the stimuli, just three separate clusters comprising stimulus terminators (wings vertices or spots) and contextual flanks (Müller-Lyer wings or arcs of a circle) were arranged according to the Brentano pattern; the shaft line was absent (Fig. 2) . For the stimuli drawings, the Microsoft GDI + antialiasing technique was applied to produce smooth lines of the wings and arcs. The diameter of the spots and the width of the lines in the wings and arcs were 1.5 min of arc; their luminance was 75 cd/ m 2 . In the experiments, the length of the stimuli (the distance, T between the lateral terminators) was 120 min of arc. The wings of the Brentano figure were constant in length (8 min of arc) and formed an angle of 90°; the radius of the arcs was 12 min of arc, and the angle was 180°(half of a circle).
Procedure
The experiments were carried out in a dark room. A Sony SDM-HS95P monitor was used for the stimuli presentations. A Cambridge Research Systems OptiCAL photometer was applied for the monitor luminance range calibration and gamma correction. The distance between the subject's eye and the screen was 400 cm. A chinholder was used to avoid movements of the head, and an artificial pupil (an aperture with the 3 mm diameter) was applied to reduce optical aberrations. The right eye was always tested irrespective of whether or not it was the leading eye. The experiments were conducted under control of computer software of our design arranging the order of the stimuli, presenting them on the monitor, introducing alterations according to the subject's command, recording the subject's responses, and handling the results.
To establish functional dependence of the illusion magnitude on the tilt angle of the distracters, the bisection procedure was used. The subjects were asked to manipulate the keyboard buttons '' "and ''?" to move the central terminator (together with the adjacent flank) into a position that makes both stimulus intervals perceptually equal in length. A single button push varied the position of the terminator by one pixel corresponding approximately to 0.25 min of arc. The initial length differences between the left and right stimulus intervals were randomized and distributed evenly within a range of ±5 min of arc.
Observation time was not limited; observers' eye movements were not registered. The difference in physical length between the left and right intervals of the stimulus, determined after the perceived equality was achieved, was considered as the value of the illusion magnitude.
Eighty stimulus presentations were included in a single experimental run, i.e., 40 randomly distributed values of the independent variable were taken twice. A single experimental run usually lasted about half an hour. Each observer carried out at least five experimental runs on different days. Ten trials went into each data point analysis, and in the data graphs, the error bars depict ± one standard error of the mean (SEM).
Four series of experiments have been performed. In the first two series of the experiments, the tilt angle of bisectors of the lateral flanks, / was randomly varied from 0°to 360°by the 9.2°steps. In the first series, the tilt angle of the central flank varied as 180°À / (counter-rotation presentations, Fig. 2 , two upper rows), whereas in the second series, it varied as 180°+ / (identical-rotation presentations, Fig. 2, two lower rows) . In the third series of experiments, the orientation of the lateral flanks was fixed at 0°, and the orientation of the central flank was changed as 180°À /. In the fourth series, the orientation of the left flank varied, and the orientations of the right and central flanks were fixed at 0°a nd 180°, respectively.
Results
Tilting of all three contextual flanks
The aim of the first and second series of experiments was to determine quantitatively the magnitude of the illusion of extent as function of tilting of the contextual flanks under different modes (counter-rotation and identical-rotation) of stimulus presentation. According to Formula (2), a simple cosine modulation (i.e., having no constant component) of the illusion magnitude for both types of distracters (the Müller-Lyer wings and arcs of a circle) was expected.
For all subjects, the experimental results showed the curves of the cosine type with parts comprising positive and negative values (Fig. 3, circles) .
For both types of contextual flanks, the illusions' extreme values (about ±9-16 min of arc) were established with the horizontal orientation of the flanks bisectors (0°for the lateral flanks and 180°f or the central one, or vice versa). The illusion magnitude diminished when the flanks declined from the horizon and decreased to zero when the tilt angle approached 90°or 270°(vertical orientations of the flanks bisectors). The paired t-test was applied at each data point in the set of the independent variable (the tilt angle of the contextual flanks, /) to compare the results of the two modes of the stimuli presentations. We found no significant differences (for the vast majority of the data points, p > 0.05) between the experimental data obtained by the two presentation modes both with the stimuli comprising the Müller-Lyer wings (Fig. 4A) , and with those having the contextual arcs (Fig. 4B) .
Tilting of a single flank
In the third and fourth series of experiments, the orientation of either the central or one of the lateral contextual flanks of illusory figures varied from 0°to 360°in the 9.2°steps. The other two flanks were fixed horizontally. According to Formulas (3) and (4), we expected the appearance of a constant component in the illusion magnitude together with the decrease of the amplitude of cosine modulation.
For both types of distracters, the results of the third series of experiments (tilting of only the central flank) showed the curves similar to cosine shifted along the ordinate axis due to considerable constant component of illusion magnitude (Fig. 3, squares) . As in previous two series, the values of the illusion maxima were about 9-16 min of arc for both types of illusory figures. However, here the modulation of illusion's magnitude decreased (approximately twice) compared with the results of the first and second series. The illusion minimum was obtained when the orientation of the central contextual flank was the same as that of the lateral flanks, i.e., 0°(since the tilt angle of the central flank varied as 180°À /, in this situation, the value of the independent variable, / was equal 180°).
In the fourth series (with the left flank tilting only), the amplitude of the cosine modulation of the illusion magnitude was still more reduced, and the value of the constant component increased substantially (Fig. 3, triangles) . For both types of distracters, the values of the illusion maxima were approximately the same as in the previous three series. The illusion minimum was established when the left and central flanks had the same orientation (180°).
Data fitting
To check our predictions, we have fitted the experimental data with the function: 
Ið/Þ
where I(/) represents illusion magnitude, A and B are free parameters representing the constant component and the amplitude of cosine, respectively. To fit the experimental data, the method of least squares was used. A good resemblance between the computational and experimental results for all subjects was obtained (Fig.3 , solid curves; Table 1 ). As it has been expected (Formula (2)), the changes of illusion magnitude obtained in first two series of experiments (all three flanks were tilted) can be completely described just by variations of the cosine of flank's tilt angle. We believe that slight systematic biases of the experimental curves along the ordinate axis, i.e., non-zero value of the parameter A, may be explained by the inherent inaccuracy (the errors of habituation and anticipation) of the method of stimulus bisection (adjustment) used in our experiments. Fig. 4 . The results of paired t-test applied to the experimental data (Fig.3, circles) for two types of distracters: the Müller-Lyer wings (A) and arcs of a circle (B). Subjects: LM (circles), AB (squares), RB (triangles), and BE (asterisks). Table 1 The resulting parameters of fitting Eq. (8) It is noteworthy that an additional confirmation of the positional shift hypothesis had been obtained in the second series of experiments (identical-rotation mode of stimuli presentations), though it was not quantitatively analyzed in the present study. For all cases of flanks' tilting from the horizon, the observers reported that the imaginary line connecting stimulus terminators seemed to be slightly broken. The direction of the fracture and its value depended on distracters' mutual tilting with the fracture maximum achieved at opposite vertical orientations of the central and lateral flanks. Such result is fully consistent with the assumption on perceptual biases of stimulus terminators and, also, with our previous findings in the study of the influence of distracting flanks on vernier alignment (Bertulis, Bulatov, & Bielevicius, 2008) .
Decrease of the amplitude of cosine modulation of illusion's magnitude with the corresponding increase of the constant component (the third and fourth series of experiments) confirms the Formulas (3) and (4) predictions: the modulation depths (i.e., the ratio of the amplitude of modulation and the sum of the amplitude of modulation and the constant component) of the illusion magnitude are close to 0.5 and 0.25, respectively.
Discussion
The data obtained in the present experiments demonstrate that the tilting of the contextual flanks (either the Müller-Lyer wings or arcs of a circle) in the Brentano type of illusory figure evoke an increase and decrease of the illusion magnitude with clear resemblance to the cosine function. We have tested the theoretical predictions described in Introduction, and found that Eq. (8) fits properly all variations of illusion magnitude shown by all subjects for both types of distracters (Fig. 3, solid curves) .
Such a result is consistent with the suggestion on the local positional shifts of stimulus terminators as a reason of illusion emergence. However, an essential simplification has been applied in our approach and it may cause a certain inaccuracy in estimations. The illusory figures used in experiments consisted of three clusters of figural elements the positions of which relative to the fovea center were, generally, different. Thus, the values of perceptual positional shifts of the different stimulus terminators can also be different. Nevertheless, assuming the subjects in our experiments (which were performed without any fixation point) being free to move their gaze with the same probability toward each stimulus terminator and, also, averaging the experimental data over all subjects (with aim to diminish the influence of individual peculiarities of stimulus observation), we supposed that s L % s C % s R and have considered the same averaged positional shift, s for all three stimulus terminators. An indirect justification for this choice can be seen in the values of ratios of modulation depths for the data obtained for the stimuli with different number of tilting flanks. Indeed, accordingly to Formulas (5)-(7) the calculated ratios are Thus, irrespective of the simplification mentioned, we believe that the results of the present study support the validity of the assumption of the local positional shifts being the reason of the investigated illusions. Recently, referring to the ''centroid" hypothesis, we have developed a computational model of automatic centroid extraction (Bulatov et al., 2009b (Bulatov et al., , 2010 ) which was applied successfully to the Brentano type of illusory figures with contextual flanks comprising different structural elements: either the Müller-Lyer wings, or vertical stripes, or pairs of spots. The model was examined by varying spatial parameters of the flanks: the length and angle of the wings, height of the stripes, spot-to-stripe, and spot-to-spot distances. Also, earlier version of the model was used to explain the influence of distracting flanks on the vernier alignment and right-angle adjustment in three-spot stimuli (Bertulis et al., 2008; Bulatov, Bertulis, Bielevicius, & Loginovich, 2009a) . The base suggestion underlying the modeling is that the visual system identifies the position of the stimulus terminator with the position of the centroid of the integrated neural activation evoked by cluster of neighboring stimulus elements, therefore, the terminator appears to be perceptually shifted. The relative shifts of the three stimulus terminators lead to misestimating of the spatial intervals flanked by the contextual objects what, in turn, causes the illusion. In agreement with the suggestion, alterations of the positions of flanks' centroids should in a systematic way affect the judgments of perceived length. Indeed, as the experiments of the present study demonstrate, the tilting of contextual flanks show the cosine modulation of illusion magnitude and the cosine nature of illusion changes do not depend on a particular shape of the flanks.
Earlier, the rotation of arrows and fork junctions in the illusory figures was used in experiments which explored the hypothesis that the Müller-Lyer stimuli are interpreted by the visual system as linear perspective drawings depicting right-angle convex and concave 3-D corners positioned in front of and behind the picture plane, respectively (Redding & Hawley, 1993; Redding et al., 1997; Redding and Parkinson, 2002) . According to the prediction of the ''perspective" theory, decrease of illusion strength in drawings of virtually rotated corners was expected: rotation moves the corner closer to the picture plane and requires change in virtual size of the corner to maintain a constant size of its projection. The results obtained in the experiments demonstrated at least 75% discrepancy with the theoretical predictions, therefore, an additional assumption have been made: both virtual corner size and picture plane size are simultaneously available, and reproduced size of illusory figure is a weighted compromise of the two sources of information.
In the present study, a reduce of illusion magnitude with the tilting of the Müller-Lyer wings was also obtained, but a direct comparison of our results with that of Redding and colleagues is hardly possible. In Redding's experiments, both the lengths and angles of the wings of the Müller-Lyer figures have been varied in accordance with the requirements of projective transformations of the virtual corners, whereas in our present experiments with the Brentano figures only the mutual orientations of the flanks were changing. However, if even the explanation proposed by the ''perspective" theory could be granted for the distracters of the Müller-Lyer type, we find it difficult to answer whether the theory provides any basis to account the results with essentially ''no-corner" contextual flanks -the arcs of a circle -which were used in our experiments. Also, it seems the ''perspective" theory offers no explanation why flanks tilted at angles / and 180°À / (Fig. 2, two upper rows) , cause the illusory effects as same as those obtained with the flanks tilted at / and 180°+ / (Fig. 2 , two lower rows). Our present approach provides a rather simple unified explanation of these experimental results, and the similarity of patterns of experimental data for wings and arcs serves in favor of an assumption on the same underlying illusory mechanismthe perceptual positional shifts of the stimulus terminators toward the centroids of adjacent distracters. We believe that the effects of centroid extraction are powerful enough to be considered as one of the main causes of illusions investigated and expect that the principles underlying our modeling (Bulatov et al., 2010) are sufficiently general to be accounted and for results of Redding's experiments.
In conclusion, considering the spatial integration of neural activations evoked by the neighboring stimulus parts as physiologically relevant model of illusions of extent, one should note, that the ''centroid" concept looks still more preferable due to biological significance of the mechanism of the automatic centroid extraction which enables fast and reliable estimation of location of visual objects in the scenery independently of their size and shape complexity (Morgan et al., 1990) . The advantages offered by the mechanism of centroid extraction considerably outweigh the losses in the positional acuity that manifest themselves in the form of illusions of extent.
